The intracellular mechanisms driving postmitotic development of cortical γ-aminobutyric acid (GABA)ergic interneurons are poorly understood. We have addressed the function of Rac GTPases in cortical and hippocampal interneuron development. Developing neurons express both Rac1 and Rac3. Previous work has shown that Rac1 ablation does not affect the development of migrating cortical interneurons. Analysis of mice with double deletion of Rac1 and Rac3 shows that these GTPases are required during postmitotic interneuron development. The number of parvalbumin-positive cells was affected in the hippocampus and cortex of double knockout mice. Rac depletion also influences the maturation of interneurons that reach their destination, with reduction of inhibitory synapses in both hippocampal CA1 and cortical pyramidal cells. The decreased number of cortical migrating interneurons and their altered morphology indicate a role of Rac1 and Rac3 in regulating the motility of cortical interneurons, thus interfering with their final localization. While electrophysiological passive and active properties of pyramidal neurons including membrane capacity, resting potential, and spike amplitude and duration were normal, these cells showed reduced spontaneous inhibitory currents and increased excitability. Our results show that Rac1 and Rac3 contribute synergistically to postmitotic development of specific populations of GABAergic cells, suggesting that these proteins regulate their migration and differentiation.
Introduction
Inhibitory γ-aminobutyric acid (GABA)ergic interneurons play fundamental roles in modulating neuronal circuits (Batista-Brito and Fishell 2009; Gelman and Marín 2010) . The abnormal development of these cells may alter the balance between excitatory and inhibitory activities that is required for proper brain function. Such an unbalance is believed to be at the basis of intellectual and developmental disabilities such as epilepsy, autism, and schizophrenia (Brooks-Kayal 2011) . Most of the cortical and hippocampal GABAergic cells are born in the medial (MGE) and caudal (CGE) ganglionic eminences of the ventral telencephalon (Wonders and Anderson 2006) . After birth, the precursors migrate tangentially from their site of origin, toward their final destination either in the cortex or in the hippocampus (Nadarajah et al. 2002; Ang et al. 2003; Tanaka et al. 2006) . After reaching the cortex through 1 of 3 migratory streams along the marginal zone (MZ), the subplate, or the subventricular zone (SVZ), the interneurons adopt a radial trajectory within the cortical plate (CP) to properly distribute throughout the different cortical layers (Hernández-Miranda et al. 2010) .
Several transcription factors and a number of extracellular cues that drive the migration and differentiation of the cortical and hippocampal GABAergic cells have been identified (Hernández-Miranda et al. 2010) . On the other hand, very little is known about the intracellular mechanisms that drive the different phases of interneuron development. Rho GTPases are important regulators of cytoskeletal dynamics. Among them, Rac proteins are critical in several aspects of neuronal development (de Curtis 2008) . Previous studies addressing the role of Rac1 in the development of cortical interneurons suggested that Rac1 was not directly implicated in regulating the development of postmitotic migrating interneurons (Chen et al. 2007; Vidaki et al. 2012) . On the other hand, vertebrates express also the neural-specific Rac1B/Rac3 GTPase (Haataja et al. 1997; Malosio et al. 1997; Albertinazzi et al. 1998 Albertinazzi et al. , 2003 that is specifically expressed in the developing mouse peripheral and central neurons (Corbetta et al. 2005) . The expression of Rac3 is developmentally regulated, with a peak at time of intense neurite branching and synaptogenesis (Bolis et al. 2003) , and a pattern of expression that is often but not always overlapping with that of Rac1 (Corbetta et al. 2005) .
We have generated 3 mutant mouse lines: Rac3 KO mice (Corbetta et al. 2005) ; conditional knockout (KO) for Rac1 (Rac1 N ) obtained by crossing Rac1 flox/flox (Walmsley et al. 2003) with Synapsin-I-Cre (SynI-Cre) mice (Zhu et al. 2001 ) to delete Rac1 in postmitotic developing neurons; and double KO mice (Rac1 N /Rac3 KO ) obtained by the combination of the previous 2 lines. The double KO mice are neurologically impaired and show spontaneous epileptic seizures, with lethality around the end of the second postnatal week (Corbetta et al. 2009) . In this study, we show that Rac1 and Rac3 contribute synergistically to the development of cortical and hippocampal GABAergic interneurons, suggesting the implication of these GTPases in their migration and differentiation. The electrophysiological analysis indicates a possible correlation between the loss of GABAergic interneurons and the epileptic phenotype detected in Rac1/Rac3 double mutant mice.
the genes for Rac1 and Rac3 GTPases (Walmsley et al. 2003; Corbetta et al. 2005 Corbetta et al. , 2009 ), SynI-Cre transgenic mice specifically expressing the viral Cre recombinase under the control of the synapsin I promoter in differentiated neurons (Zhu et al. 2001) , and ROSA26 mice (Soriano 1999) have been characterized previously. The genotypes were determined as described (Corbetta et al. 2009 Histology, Immunohistochemistry, and Immunofluorescence Mice were subjected to deep anesthesia and perfused with 4% paraformaldehyde. Brains were postfixed with 4% paraformaldehyde and cryoprotected before freezing, and 12-20-µm-thick sections were stained with cresyl violet or immunostained. For immunohistochemistry, sections were incubated overnight at 4°C with primary antibodies. Primary antibodies were detected using a Vectastain Elite ABC Kit (Vector Laboratories), and sections were viewed with a Zeiss Axioplan2 microscope with AxioCam MRc5 digital camera (Carl Zeiss MicroImaging). For immunofluorescence, primary antibodies were revealed by incubation for 1.5-2 h with Alexa Fluor-conjugated secondary antibodies and 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for nuclear staining. Sections were viewed with a Zeiss Axiovert 135 TV equipped with a QImaging Exi-Blue camera (Carl Zeiss MicroImaging). Confocal analysis was performed with a Leica TCS SP2 (Leica Microsystems).
5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside Staining
SynI-Cre mice were crossed with LacZ ROSA26 reporter mice (Soriano 1999) . Brains were fixed 30 min at 4°C in 4% paraformaldehyde, and cryoprotected before freezing. For 5-bromo-4-chloro-3-indolyl-β-Dgalactopyranoside (X-Gal) staining, sections were incubated either 1 h or overnight at 37°C with 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% Nonidet P-40, 1 mg/mL X-Gal in phosphate buffer saline. After 30 min in 4% paraformaldehyde and washing in phosphate buffer saline, sections were mounted with Dako Glycerol mounting medium or further treated for immunohistochemistry.
In Situ Hybridization
In situ hybridization was performed on 20 µm-thick mouse brain cryosections as previously described (Schaeren-Wiemers and GerfinMoser 1993). Probes were obtained by in vitro transcription of antisense and sense single-stranded RNA probes for either LIM homeobox 6 (Lhx6; Grigoriou et al. 1998) or Rac3 (Corbetta et al. 2005) . Probes (0.5 µg/mL) were incubated overnight at 56°C (for Lhx6) or 60°C (for Rac3) and revealed by incubation overnight at 4°C with antidigoxigenin antibody (1:2000, Roche Applied Science), followed by staining with BCIP/NBT color development substrates (Roche Applied Science). For costaining, the immunostaining for PV was performed before starting the procedure for in situ hybridization with the probe for Rac3.
Apoptosis
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed using the ApopTag® Red In Situ Apoptosis Detection Kit (Chemicon), as previously described (Pennucci et al. 2011) .
Morphological Analysis and Quantification
The numbers of interneurons and Lhx6-positive cells were estimated from coronal sections. For each genotype, 7-23 sections along the rostro-caudal axis of the dorsal hippocampus and 30-50 fields from sections of the somatosensory cortex of 2-4 sets of littermates were used. CB-positive cells were quantified in 12-13 coronal sections rostral to the hippocampus from 3 sets of P0 littermates. The density of CB-positive cells was evaluated from similar areas of the SVZ or MZ using the ImageJ software (NIH Image).
We measured the length of the leading process (i.e., the longest cellular extension) and the angle of radially migrating interneurons CB-positive interneurons in the CP of P0 mice using ImageJ (Stühmer et al. 2002) . For each section, a grid of virtual radial lines perpendicular to the pia was drawn, and the orientation of each cell measured in relation to the most adjacent line. Cells with an angle ≤25°were considered as radially migrating (Martini et al. 2009 ).
For quantification of the presynaptic GABAergic terminals, the fluorescent signal of GAD67 and VGAT was evaluated in equal areas from coronal sections including comparable levels of either the CA1 stratum pyramidale, or layers IV and V of the somatosensory cortex of Rac3 KO and double KO mice. Laser power and settings were the same for all samples within the same experiment. Images were analyzed with ImageJ. The area occupied by fluorescent signals above the background and the mean gray value were quantified in the stratum pyramidale and in layers IV and V of the somatosensory cortex. The mean gray value is the average intensity of fluorescence per unit area. Quantitative analysis of the colocalization of PV with either VGAT or GAD67 was performed using ImageJ.
Electrophysiology
Electrophysiological experiments were performed on hippocampal and cortical slices from 18 double KO and 19 Rac3 KO mice (P12-P14). Transversal 350-μm-thick slices (Stoop and Pralong 2000) were transferred to an incubation chamber filled with carboxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid (aCSF) medium (125 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 15 mM Glucose, 1.3 mM MgCl 2 , 2.3 mM CaCl 2 , 1.25 mM NaH 2 PO 4 ). All derivations were performed at 23-25°C on slices perfused at 0.6 mL/min with aCSF. The recording chamber was mounted on a E600FN microscope with ×4 and ×40 water-immersion lens (Nikon), connected to a near-infrared CCD camera. Experiments were performed on hippocampal CA1 and CA3 pyramidal neurons, or cortical layer V pyramidal neurons, by the whole-cell patch-clamp technique in voltage-and current-clamp modes. To investigate in current-clamp configuration, the spontaneous excitatory postsynaptic potentials (EPSPs) and the susceptibility to induce ictal epileptiform activity, the following intracellular solution was used: 130 mM K-gluconate, 4 mM NaCl, 2 mM MgCl 2 , 1 mM EGTA, 5 mM creatine phosphate, 2 mM Na 2 ATP, 0.3 mM Na 3 GTP, 10 mM HEPES-KOH, pH 7.3. To register the spontaneous inhibitory postsynaptic currents (IPSCs), pipettes were filled with 120 mM Cs-methanesulfonate, 5 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , 10 mM EGTA, 4 mM Na 2 ATP, 0.3 mM Na 3 GTP, 5 mM lidocaine N-ethylbromide, 8 mM HEPES-KOH, pH 7.3. Series resistance was always compensated by 70-90% and monitored throughout the experiment.
Recordings were made with a MultiClamp 700B amplifier with a Digidata 1322 computer interface (Molecular Devices). Data were acquired using the software Clampex 9.2 (Molecular Device), sampled at 20 kHz and filtered at 10 kHz.
Drugs were added to aCFS medium and bath perfused. Epileptiformlike discharges were induced by 50-500 μM 4-aminopyridine (4-AP, Sigma-Aldrich), a blocker of A-type potassium channels. Spontaneous IPSCs were recorded in presence of glutamatergic synaptic blockers: 10 μM of AMPA receptor antagonist 2,3-dioxo-6-nitro-1,2,3, 4-tetrahydrobenzo[f] quinoxaline-7-sulfonamide (NBQX, Tocris Cookson) and 30 μM of the NMDA receptor antagonist 3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP, Tocris Cookson). EPSPs were derived using 10 μM of the GABAA receptor antagonist bicuculline methiodide.
Data were analyzed with Clampfit 10.2 (Molecular Devices) and Origin (Microcal). For 4-AP-induced seizure-like activity, we characterized the presence of preictal events, ictal discharge, and afterdischarges. Neuronal input resistance was calculated in the linear portion of the I-V relationship during depolarizing voltage responses near the resting potential. Cell surface was estimated by integrating the capacitive current evoked by a −10-mV pulse commanded just after obtaining the whole-cell configuration.
Statistics
All graphs show means ± SEM. Statistical significance (P < 0.05) was determined by Student's t-test.
Results

Rac1 and Rac3 Are Required for the Development of Cortical and Hippocampal GABAergic Interneurons
Reduction in the number of PV-positive cells at different anteroposterior levels of the dorsal hippocampus of P13 mice was in average >90% in the double KO mice, 26% in Rac1N, and 23% in Rac3KO compared with corresponding controls ( Fig. 1A , C; Supplementary Fig. S1 ). In the somatosensory cortex, reduction of PV-positive cells was 75%, 15%, and 31%, respectively (Fig. 1B, D) . PV-, SOM-, and nNOS-positive cells account for >90% of MGE-derived interneurons (Tricoire et al. 2011; Inan et al. 2012) . The strong numeric reduction of GABAergic interneurons was restricted to PV-positive cells. SOM-and nNOS-positive cells from MGE and CR-positive cells from CGE were not as heavily affected in double KO mice (Fig. 1E, F) .
The transcription factor Lhx6 is expressed by MGE-derived cells (Danglot et al. 2006; Zhao et al. 2008 ) and marks PV-and a subset of SOM-positive cells (Cobos et al. 2005) . The number of Lhx6-positive cells identified by in situ hybridization was reduced by 54% in the hippocampus and 52% in the somatosensory cortex of double KO mice (Fig. 2) . As 50-60% of Lhx6-positive cells become PV-positive (Miyoshi et al. 2010) , the decrease of PV-positive cells in double KO hippocampi may account for the reduction of most Lhx6-positive cells. Remaining Lhx6-positive cells may include SOM-and nNOS-positive cells that were only marginally affected (Fig. 1E, F) .
Deletion of the Rac GTPases Causes a Defect in the Maturation of the PV-Positive Interneurons
The neurites of cortical ( N and double KO mice. Graph bars are normalized means ± SEM (n = 11-31 cortical fields from 2 to 3 mice/genotype). (E and F) The strong decrease in the number of interneurons is specific for the PV-positive cells. Quantification from sections of hippocampus (E) and somatosensory cortex (F) immunostained for PV, SOM, CR, or nNOS. Normalized means ± SEM of (E) the number of marker-positive neurons/ section (n = 10-23 sections from 2 to 3 mice/genotype), and (F) cell density (n = 31-50 cortical fields from 2 to 3 mice/genotype). *P < 0.05; **P < 0.005. marker VGAT and of GAD67 were decreased in the stratum pyramidale of the CA1 of P13 double KO mice (Fig. 3B, D) . As expected, PV was strikingly reduced (Fig. 3C) . The average intensity of fluorescence per unit area (mean gray value) for GAD67 and VGAT was not altered within the marker-positive area (Fig. 3E ), but the area occupied by either marker was reduced by ≈50% (Fig. 3F) . Therefore, the presynaptic input on excitatory CA1 cells was heavily reduced in double KO mice. We observed a significant decrease of the inhibitory projections of GABAergic interneurons also on cortical pyramidal neurons of layers IV and V of the somatosensory cortex (Fig. 3G, H) . Together, our data show that Rac1 and Rac3 are required for the development of hippocampal and cortical inhibitory circuits.
Rac Depletion Affects the Number and Morphology of Postmitotic Migratory GABAergic Precursors
The more severe defects observed in double KO mice compared with Rac3
KO and Rac1 N mice suggest that Rac1 and Rac3 are both important for the development of specific populations of cortical and hippocampal interneurons, and that the lack of either Rac may be partially compensated by the other. Rac3 has a more restricted distribution relative to Rac1, and a peak of expression during late embryonic/early postnatal development (Bolis et al. 2003) . As antibodies for immunostaining of Rac3 are not available (Corbetta et al. 2005) , we have used in situ hybridization ( Supplementary  Fig. S2A ). The transcript for Rac3 colocalized with PV immunostaining in a number of hippocampal cells ( Supplementary  Fig. S2B ). Immature CB-positive cells include different future interneuron subtypes, including PV-positive cells, which are first detected only in the postnatal cortex (Alcantara et al. 1996) . CB-positive cells are normally used to analyze the migration of interneurons in the cortex (Anderson et al. 1997) . Rac1 was found also in the developing CB-positive cortical interneurons at P0 (Supplementary Fig. S2C ). We also found that the SynI-Cre transgene was active in 100% of hippocampal and in 87% of cortical PV-positive cells ( Supplementary Fig. S2D-F) . Therefore, Rac1 may be deleted in most cortical and hippocampal PV-positive cells. The decrease in Lhx6-positive interneurons in the hippocampus and cortex of P13 double KO mice (Fig. 2 ) may be due to increased cell death and/or to the failure of these cells to reach their final destinations. The number of Lhx6-positive cells was already decreased in P5 and P0 double KO hippocampi (Fig. 4) . The density of MGE-derived hippocampal interneurons peaks around birth, and sharply decreases thereafter (Tricoire et al. 2011 ). Accordingly, we observed a reduction of the density of hippocampal Lhx6-positive cells of Rac3 KO mice between P0 and P13 (Fig. 4A) . The reduced density and number of Lhx6-positive cells in P0 double KO mice compared with Rac3 KO suggests a defect in the arrival of these cells in the hippocampus (Fig. 4A-C) . Percentwise the loss of interneurons in double KO hippocampi increased from 30% (P0) to 55% (P13), suggesting an increase in cell death in the double KO hippocampi that may account for the loss of a fraction of the interneurons that have reached their final destination (Fig. 4C) . In this direction, a TUNEL analysis at P0-P7 revealed a nonsignificant increase of cell death in double KO hippocampi (Rac3 KO : 19.1 ± 3.1 TUNEL-positive cells/section, n = 13; double KOs: 24.6 ± 5.6 TUNEL-positive cells/section, n = 14). On the other hand, cell death was undetectable in the cortex of E15.5 and E18.5 Rac3 KO and double KO mice ( Supplementary Fig. S3A,B) . In agreement with previous findings (Hevner et al. 2004 ), the few TUNEL-positive cells detected at P0 either in Rac3 KO or double KO mice did not include CB-positive interneurons ( Supplementary Fig. S3C ), suggesting that death of interneurons was not detectable at these stages.
We investigated a possible defect of the migratory GABAergic precursors. We first examined the time of activation of the SynI-Cre by X-Gal staining in SynI-Cre/ROSA26 embryos. SynI-Cre activity was barely detectable at E14.5, whereas it was stronger at E15.5 and later ( Supplementary Fig. S4 ), when both tangential and radial migration of interneurons occurs (Hernández-Miranda et al. 2010 ). The SynI-Cre transgene was active in a significant fraction of cortical CB-positive precursors, indicating that Rac1 can be deleted in these cells ( Supplementary Fig. S5 ). SynI-Cre was active only in a few cells of the MGE. This result indicates that deletion of both Rac GTPases in some of the mitotic progenitors may not fully account for the phenotype of the double KO mice, and supports a role of the 2 Racs during postmitotic development, after the interneurons exit from the MGE. We observed a small but significant decrease of CB-positive cells in the SVZ migratory stream of P0 double KO mice (Fig. 5A, B) , whereas no difference was observed in the MZ stream (data not shown). This is consistent with studies indicating that the SVZ is the path used by most murine cortical interneurons migrating tangentially from the MGE (Pla et al. 2006; Tanaka and Nakajima 2012) .
After reaching the cortex, GABAergic interneurons switch to radial migration to properly distribute within different layers. At P0, the CB-positive cells in the CP of double KO mice had shorter leading processes (−40%) (Fig. 5C, D) , and were more randomly oriented than Rac3 KO cells (Fig. 5C ). The angle between the leading process and the closest virtual radial line perpendicular to the pia (Martini et al. 2009 ) was increased in double KO neurons (Fig. 5E) , and the percentage of radially oriented neurons (with an angle ≤25°) decreased (71 ± 4.5% in Rac3
KO ; 46 ± 6.1% in double KO) (Fig. 5F ). Therefore, tangential and radial migration of GABAergic precursors appears impaired in the absence of Rac1 and Rac3.
Pyramidal Neurons in Double KO Mice Show Higher Excitability and Altered Spontaneous IPSCs
The reduced number of interneurons (Fig. 1) , and the consequent decrease of GABAergic input revealed in specific hippocampal and cortical areas (Fig. 3) could increase the global excitability of these brain regions. This may cause the spontaneous epileptic seizures observed in double KO mice (Corbetta et al. 2009 ). To test this hypothesis, we first examined the electrophysiological passive and active properties of pyramidal neurons. No differences were detected for any of the parameters measured (Table 1) , with values in agreement with those described in wild-type animals (Tyzio et al. 2003) . We next used the whole-cell patch-clamp technique to measure EPSPs in hippocampal pyramidal neurons from Rac3 KO and double KO mice (Fig. 6A ). No differences were observed under basal conditions (Fig. 6B) . Lower doses of 4-AP (50 µM) failed to elicit epileptiform events in either Rac3 KO or double KO neurons ( Supplementary Fig. S6A ), although we observed a significant increase in the instantaneous frequency of EPSPs in both Rac3 KO and double KO cells compared with basal conditions, which raised from 3.53 ± 0.66 (basal) to 6.53 ± 1.97 Hz (50 µM 4-AP) in Rac3 KO neurons, and from 2.08 ± 0.56 (basal) to 5.87 ± 1.34 (50 µM 4-AP) in neurons from double KO. The increase in frequency was significantly higher in double KO cells ( Supplementary  Fig. S6B ). Application of 100 µM 4-AP elicited epileptiform activity in most double KO CA3 pyramidal neurons, with a mean duration of the ictal activity of 123 ± 28 s, and with afterdischarge components detected in most cells. Ictal activity was not evoked in Rac3 KO perfused with 100 µM 4-AP, although a preictal activity characterized by EPSPs with higher amplitude and frequency was observed (Fig. 6C, D) .
At 500-µM 4-AP, the ictal activity, preictal activity, and afterdischarges were elicited in 100% of Rac3 KO and double KO cells (Fig. 6D) . Under these conditions, the time-to-ictal event (TTI), the interval between the beginning of stimulation with proconvulsant and the appearance of the ictal event, was significantly shorter in cells from double KO compared with Rac3 Table 1 Passive and discharge properties measured in CA3 pyramidal neurons from control and double KO (dKO) mice. whereas the duration of the ictal activity was similar (Fig. 6E) . Moreover, in double KO neurons, the TTI measured with 500-µM 4-AP was shorter than with 100-µM 4-AP (Fig. 6E) . Synaptic GABAergic inputs induce spontaneous IPSCs in principal glutamatergic cells. The instantaneous frequency of spontaneous IPSCs from CA1 pyramidal neurons recorded in the presence of glutamatergic synapse blockers NBQX and CPP were strongly decreased in double KO compared with Rac3 KO (Fig. 7A, B) , while the amplitude of IPSCs was similar (Fig. 7C) . The frequency of spontaneous IPSCs was decreased also in CA3 pyramidal cells of double KO mice (Supplementary Fig. S7 ). These results nicely fit with the reduced GABAergic input detected morphologically (Fig. 3) , and indicate that the input of GABAergic interneurons to pyramidal neurons is clearly affected in double KO mice.
We found similar effects in the somatosensory cortex, where the analysis in pyramidal neurons from layer V revealed a decrease in the frequency of spontaneous IPSCs in double KO mice (Fig. 7D, E) , while the amplitude of IPSCs was not affected (Fig. 7F) . These findings correlate with the increased sensitivity to epileptogenic stimuli recorded in the principal cells of double KO mice, and suggest that the epileptic phenotype observed in these animals is due to the reduced number of interneurons and the consequent reduction of synaptic inhibitory inputs by these cells.
Discussion
We have addressed the role of the Rac1 and Rac3 GTPases during GABAergic interneuron development and shown that these proteins contribute importantly and synergistically to the late stages of cortical and hippocampal interneuron development. We characterized the effects of Rac depletion on the electrophysiological properties of hippocampal neurons, showing that ablation of the 2 Racs prevents formation of normal inhibitory synapses, likely accounting for the hyperexcitability of the hippocampal neurons.
In previous studies, the conditional deletion of Rac1 during earlier neural development (Rac1 flox/flox
; Foxg1
Cre/+ ) affects brain development, although Rac1 deletion in the SVZ of MGE and lateral ganglionic eminence (Rac1/Dlx5/6-CIE) produced no obvious defects in tangential migration (Chen et al. 2007) . Indeed, at P12, control and Rac1/Dlx5/6-CIE mice showed similar number and distribution of PV-positive cortical interneurons, prompting the authors to conclude that Rac1 is dispensable for the migration of MGE-derived interneurons per se, although it is required to confer migratory competence on differentiating progenitors. Similar results can be drawn by a more recent study addressing the role of Rac1 on interneuron progenitors originating in the MGE (Vidaki et al. 2012) . In this study, Rac1 ablation in postmitotic GABAergic progenitors did not affect interneuron numbers in the cortex, whereas earlier deletion of Rac1 in Nkx2.1-positive proliferating progenitors in the MGE resulted in the reduced number of MGE-derived interneurons in the cortex as a consequence of a defect in the cell cycle exit. These studies show that the conditional deletion of Rac1 impairs early phases of interneuron differentiation, while the 
migration of cortical interneurons per se is not affected if
Rac1 is deleted after progenitors have left the MGE to migrate into the pallium.
On the other hand, we demonstrated that Rac1 and Rac3 are both essential for neuronal differentiation and brain development (Corbetta et al. 2009 ). Unlike single Rac1 and Rac3 null mice, double KO mice develop spontaneous epilepsy during postnatal development. These mice feature a dramatic reduction in the number of GABAergic interneurons, mainly PV-positive cells, in the cortex and hippocampus of double KO mice. The comparative analysis between P13 double KO, single KO, and wild-type mice has shown that although single Rac deletion results in a mild loss of cortical/hippocampal PV-positive interneurons, this defect is dramatically more evident in the cortex and hippocampus of double mutant mice, showing that both Rac GTPases contribute synergistically to the development of these cells. The lack of PV-positive neurons in the cortex and hippocampus of double KO mice correlates with the actual decrease of Lhx6-positive interneurons in these mice, indicating that the loss of PV signal is not just due to a defect in PV expression in the interneurons.
Synapsin-I expression is detectable at midgestation with a peak around P20 (Hoesche et al. 1993) . Thus, the SynI-Cre prevents early deletion of Rac1 in MGE-born precursors, as observed with earlier Rac1 deletion (Chen et al. 2007) , and allows late embryonic/postnatal analysis of migratory cells, when Rac3 is expressed (Corbetta et al. 2005) . We can exclude a major effect of Rac1 depletion on the replication of progenitors and on the precursors in the MGE, because the SynI-Cre was not active in most of the cells in the MGE (Supplementary Fig. S4 ). The sharp decrease in interneuron numbers could be either due to the loss of these cells after they have reached the final location, and/or to a defect in migration preventing them from reaching their final location. A recent study has shown the increase in hippocampal interneurons between E14.5 and E18, followed by a dramatic decrease after P0, with neuronal death proposed as a potential factor involved (Tricoire et al. 2011) . Here, the finding of decreased numbers of CB-positive neurons along the SVZ pathway and the altered morphology of CB-positive precursors in the CP of double KO mice (Fig. 5) indicate that the loss of cortical and hippocampal interneurons may be due to a defect in tangential and radial migration.
Tangential migration occurs via the cortical IZ and MZ for early-born neurons (E11.5-E14.5) and via the cortical SVZ for those born at E14.5-E16.5 (Anderson et al. 2001; Hernández-Miranda et al. 2010) . We found no difference between control and double KO cortex in the number of CB-positive cells in the MZ, the migratory route followed by early-born interneurons. Conversely, we found a significant decrease of CB-positive cells along the SVZ route (Fig. 5) . One hypothesis is that the CB-positive interneurons present in the MZ of P0 double KO mice have arrived there before the complete inactivation of Rac1 by the SynI-Cre. On the other hand, the double deletion of Rac1 and Rac3 has an effect on the subsequent radial migration of these neurons that show altered morphology. We found that cell death does not increase but remains absent or very low in double KO mice at stages when interneuron migration occurs (Supplementary Fig. S3 ). Moreover, an evident accumulation of CB-positive precursors along the migratory pathway as a consequence of migratory defects has not been detected by us. An evident accumulation of CB-positive precursors along the migratory pathway may be hard to detect though. In fact, the strong reduction of PV-positive cells observed in double KO mice is expected to correspond to a moderate reduction of the total CB-positive population of migrating precursors that include also other types of interneurons. We expect that future studies with timelapse analysis of migrating precursors may help clarifying whether the observed defect following Rac depletion is due to the impairment of the motility of specific types of interneurons.
The finding that simultaneous disruption of Rac1 and Rac3 in postmitotic neurons strongly affects the localization of PV-positive MGE-derived interneurons compared with Rac1 N or Rac3 KO mice, in which milder defects were detected, suggests the requirement for the synergistic effects of Rac1 and Rac3 GTPases in the mechanisms of tangential and radial migration of these interneurons. The mechanisms determining the strong effects of Rac depletion on the PV-positive interneurons compared with other types of interneurons remain to be established. Different hypotheses may be tested, including the expression of different sets of GTPases and/or their regulators/effectors in different types of interneurons (Cobos et al. 2007 ); or the different embryonal origin and/or time of generation of distinct populations of interneurons (Tricoire et al. 2011) , even within the same ganglionic eminence (Flames et al. 2007; Fogarty et al. 2007; Wonders et al. 2008) .
Abnormalities in PV-positive GABAergic interneurons may underlie both an epileptic phenotype (Velíšek et al. 2011) , and altered cognition in schizophrenia and autism (Lewis et al. 2005; Orekhova et al. 2007 ). These may be considered circuitry diseases resulting from uncontrolled neuronal firing and linked to the loss or altered function of inhibitory GABAergic cells (Marín 2012) . Our work contributes to the identification of the intracellular mechanisms that may underlie these diseases. Much work remains to clarify the links of Rac GTPases to upstream signals and downstream targets required for interneuron maturation.
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